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EFFECTORS OF TRANSCRIPTION2 (ET) are plant-specific regulatory proteins characterized by the presence of two to five C-terminal DNA-
and Zn-binding repeats, and a highly conserved cysteine pattern. We describe the structural characterization of the three member Arabidopsis
thaliana ET gene family and reveal some allelic sequence polymorphisms. A mutation analysis showed that AtET2 affects the expression of various
KNAT genes involved in the maintenance of the undifferentiated state of cambial meristem cells. It also plays a role in the regulation of GA5
(gibberellin 3-beta-dioxygenase) and the cell-cycle-related GASA4. A correlation was established between AtET2 expression and the cellular
differentiation state. AtET–GFP fusion proteins shuttle between the cytoplasm and nucleus, with the AtET2 product prevented from entering the
nucleus in non-differentiating cells. Within the nucleus, AtET2 probably acts via a single strand cutting domain. A more general regulatory role for
ET factors is proposed, governing cell differentiation in cambial meristems, a crucial process for the development of plant vascular tissues.
© 2007 Elsevier Inc. All rights reserved.Keywords: Gene regulation; Xylem differentiation; Transcription factors; Single strand cutting; GIY-YIG domainIntroduction
Plant growth is determined by the action of a small number
of cells present at the shoot and root apical meristems. The
vascular cambium is a secondary meristem, derived from the
shoot apex. Although these meristems differ in function, a
growing body of evidence suggests that their regulation shares
many common principles and related genes (Groover, 2005).
One of the products of cambial activity is the xylem, which
develops towards the centre of the stem. The differentiation of
xylem cells from the cambium is characteristically accompanied
by a gradual accumulation of lignin, which therefore serves as a
useful indicator of the progression of xylem cell differentiation.
This process is controlled by the activity of several factors,
including the phytohormone gibberellin (GA) and transcription
factors of the KNOTTED1-like homeobox KNAT family (Hake
et al., 2004; Scofield and Murray, 2006).⁎ Corresponding author. Fax: +49 39482 5500.
E-mail address: baumlein@ipk-gatersleben.de (H. Bäumlein).
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doi:10.1016/j.ydbio.2007.09.061The plant hormone gibberellin (GA) is essential for the
differentiation of the vascular tissues. Experiments in poplar,
hybrid aspen and tobacco (Israelsson et al., 2003; Biemelt et al.,
2004) have demonstrated that transgenic plants which ectopi-
cally express the biosynthetic gibberellin 3 beta dioxygenase
encoding gene (GA5) exhibit significantly increased levels of
xylem lignification. On the contrary, depletion of active GA by
the ectopic expression of a gene which encodes the GA
degrading enzyme GA2-oxidase inhibits lignin accumulation in
tobacco (Biemelt et al., 2004). Furthermore, expression
profiling in hybrid aspen showed an induction of GA-regulated
genes in the early stages of cell differentiation near the cambial
meristem (Hertzberg et al., 2001a).
Members of the KNAT gene family act as major regulators of
several GA-mediated functions by inhibiting both the biosynthesis
of and the meristematic response to GA. The KNAT genes BRE-
VIPEDICELLUS (BP) and SHOOTMERISTEMLESS (STM) act
redundantly to repress the transcription of Arabidopsis thaliana
GA5 (gibberellin 3-beta-dioxygenase) (Hay et al., 2002). In
addition, the tobacco protein NTH15 represses the expression of
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element in its promoter (Sakamoto et al., 2001a). KNAT gene
expression in the cambium is essential for the control of xylem
differentiation and lignin formation (Smith and Hake, 2003;
Brown et al., 2005; Ehlting et al., 2005). In particular, BP activity
prevents cambium-derived cells from differentiating into lignified
xylem tissue (Mele et al., 2003). Other class IKNAT genes such as
At STM and KNAT2 and poplar KNAP2 have similar activity
(Israelsson et al., 2003; Ko and Han, 2004; Schrader et al., 2004a;
Groover, 2005; Demura and Fukudo, 2007).
In addition to KNAT genes, the previously characterized
members of the EFFECTOR OF TRANSCRIPTION (ET)
family including the barley protein HORDEUM REPRESSOR
OF TRANSCRIPTION (HRT) are also involved in GA-
mediated processes of xylem differentiation (Raventos et al.,
1998; Ellerstrom et al., 2005). Originally, ET factors have been
isolated as DNA-binding proteins by south-western screens
from Hordeum vulgare, Brassica napus and Vicia faba. They
represent strictly plant-specific proteins characterized by one
(Physcomitrella patens), two (V. faba), three (H. vulgare), four
(B. napus, A. thaliana) or five (Populus trichocarpa) highly
conserved cysteine-containing structural domains with a CX8–
9CX10CX2H consensus sequence, designated as ET repeats.
These repeats have been shown to bind zinc in a stoichiometric
ratio of close to 1:1, although the cysteine pattern differs greatly
from classical zinc finger motifs. The HRT protein interacts
with gibberellin response elements of various promoters,
whereas B. napus ET – although it is able to strongly interact
with DNA – does not show a clear sequence specificity as it was
shown by an ELISA-based binding assay (Mönke et al., 2004
and Mönke et al., unpublished). Barley HRT is targeted to the
nucleus and functional tests in plant cells indicated that HRTcan
regulate the activity of certain GA-responsive promoters,
including two α-amylase gene promoters. Northern hybridiza-
tions indicate that HRT transcripts accumulate to low levels in
various tissues and a role for HRT in mediating developmental
and phytohormones-responsive gene expression have been
discussed (Raventos et al., 1998). Recently, we have described a
dicot ET factor from B. napus (BnET) providing evidence for
its role in gibberellin signaling modulation and cell differentia-
tion. BnET is also targeted to the nucleus and its ectopic
expression in either Arabidopsis or tobacco causes a pleiotropic
phenotype including dwarfism due to shorter internodes and late
flowering, reduced germination rate, increased anthocyanin
content and reduced xylem lignification as a marker for
terminal cell differentiation. Transient expression in proto-
plasts and transcript analysis support the notion that this is
most likely due to a transcriptional repression of GA-
controlled genes. In contrast to other GA-deficient mutants,
the shorter internodes were due to fewer but not smaller cells,
suggesting a function of BnET in GA-mediated cell division
control (Ellerstrom et al., 2005).
In this paper, we present the initial characterization of the ET
family in Arabidopsis. A T-DNA insertion in the AtET2 gene
leads to defects in xylem differentiation as detected by
distortions of lignification. Array hybridization and RT-PCR
analysis demonstrate altered expression of several GA-relatedgenes and members of the KNAT family. Two of the three
AtET genes are specifically up-regulated in differentiating
cells and their regulation involves post-transcriptional control
of their nuclear localization, preventing the AtET1 and AtET2
factors from entering the nucleus in non-differentiating cells.
The molecular function of ET proteins as regulators of
transcription most likely involves the activity of a functional
single strand cutting domain. The data suggest a novel function
of ET factors in the regulation of cell differentiation in cambial
meristems.
Materials and methods
Molecular cloning
PCR, restriction digestion and DNA ligation were performed according to
standard protocols (Molecular Cloning Third Edition, eds. Sambrook J. and
Russel D., CSH Laboratory Press).
CAPS marker for the mutated AtET1 allele
A 1244-bp genomic fragment spanning the mutation site and an EcoRI
cleavage site was amplified from the AtET1 sequence, using primers 5′-
ATGTTCAAGAGAGACGACTACA and 5′-ATCCTCGCATCGTTTTCTCC.
The amplicon was digested with EcoRI (Amersham) and sized by agarose gel
electrophoresis. The wild-type allele produced a 1082-bp fragment, whereas the
frame-shifted allele produced a 897-bp one.
Plant transformation
The Ws-2 ecotype was transformed by vacuum infiltration as described
(Bechthold et al., 1993).
ProAtET2-driven GUS expression
A 1.5-kbp upstream region of AtET2 was placed ahead of the GUS reporter
gene in the plasmid pMDC162 (Curtis and Grossniklaus, 2003), using
GATEWAY cloning technology (Invitrogen). GUS activity was assayed in 2-
to 4-week-old homozygous T3 plants following standard histological proce-
dures, and the signal was visualized with a “Axioplan 2 imaging mot” (Zeiss,
Jena, Germany) light microscope or a “StereoLumar V12” (Zeiss, Jena,
Germany) binocular microscope.
In situ hybridization
Segments from the basal 5 mm of stem were fixed for 3 h, following vacuum
infiltration with 2% paraformaldehyde, 0.2% glutardialdehyde, 0.01% Triton
X100 in 0.5 M cacodylic acid buffer, pH 6.8. After two washing steps of 30 min
each in the same buffer, the specimens were dehydrated in a graded ethanol
series (10%, 30%, 50%, 70%, 90%, twice 96%, 100%) for at least 30 min per
step. All buffers were prepared with ddH20 treated with 0.05% DEPC. The
embedding method was adapted from Tiedemann et al. (2000), using reduced
incubation times. Samples were taken from plants subjected either to short days
(8 h light) until bolting, or maintained under long days (16 h light).
Hybridization was with in vitro transcribed riboprobes as described previously
(Tiedemann et al., 2001) with the following modifications: hybridization
conditions were 16 h at 50 °C, and the sections were washed (2×1 h) in 50%
formamide in 0.5× SSC. Following RNase-A digestion (20 μg/ml, 5 mM NaCl,
1 mM EDTA, 10 mM Tris–HCl, pH 7.5), the sections were subjected to an
additional stringent wash (50% formamide in 0.1× SSC, 50 °C) for a further
30 min. The primers used for the gene-specific probe synthesis were
T7 promoterAtET1 (antisense probe): 5′-AAACGACGGCCAGTGAATTG
TAATACGACTCACTATAGGGCGAGTGACAACCAAACCGAAGAG;
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AAGGGAACAAAAGCTGGGTTATATTCTCAGTTTCTTCACATTG;
T7 promoter AtET2 (antisense probe): 5′-AAACGACGGCCAGTGAATTG
TAATACGACTCACTATAGGGCGGTTGGTATCAGAATAAAAGGA;
T3 promoter AtET2 (sense probe): 5′-AAGCGCGCAATTAACCCTCACTA
AAGGGAACAAAAGCTGGGTCACAACATCAGAGTCTTTATG.
Gene-specific regions of the primers are underlined. Immunological DIG
detection was performed according to the manufacturer's instructions (Roche,
Mannheim, Germany).
T-DNA insertion line
The T-DNA insertion line et2-1 was isolated from the Arabidopsis
knock-out facility collection, following an established pool screening
strategy (Sussman et al., 2000). The primer pairs used for the detection
of the wild-type AtET2 allele were 5′-ATGGAATTCGGCGACGGCG
and 5′-GGTGATTCTCATTCCCTTATG, and those for the T-DNA insertion
allele were 5′-TGGGAAAACCTGGCGTTACCCAACTTAAT and 5′-
TGCTCTTCACATCTCTTACGTCCTTTTAC.
Lignin measurement
Total lignin content was determined following thioacidolysis, using a
published procedure (Campbell and Ellis, 1992). Four-week-old plants were
pooled into five pools including five plants each, and 200 mg of stems and
rosette leaves was extracted. Three independent measurements (technical
replicates) were performed from each sample. Recovery rates for each
individual experiment were determined by analyzing parallel samples with
appropriate amounts of authentic lignin.
Hypocotyl growth induction
Single plants were grown in soil, and hypocotyl growth was stimulated
by repeated clipping of the bolting stem over 5 weeks. At the end of this
period, fresh hand sections were prepared. Lignin auto-fluorescence was
visualized under an Axiovert135 fluorescent microscope (Zeiss, Jena) using
an excitation wavelength of 325 nm with detection through a 420-nm long
pass emission filter.
Array hybridization
Plants were grown for 10 days in liquid half-strength MS medium
(Duchefa) with 10 g/l sucrose (Sigma) and 0.5 g/l MES buffer (Duchefa), pH
5.6. Poly A RNA was isolated using the Dynabeads mRNA Direct Kit (Dynal
Biotech), according to the manufacturer's instructions. First strand cDNA was
synthesized directly on the beads using AMV Reverse Transcriptase
(Promega). The probes were labeled with 33P-dCTP via random priming
using the Megaprime DNA labeling Kit (Amersham) and hybridized to the
REGIA 1200 At transcription factors filters (Paz-Ares and REGIA-Con-
sortium, 2002). Data analysis was performed with Array VisionTM software
(Imaging research Inc., Brock University, Ontario, Canada). Two independent
experiments were performed and only expression differences of more than
three-fold were retained.
RT-PCR analysis
Total plant RNA was isolated from 10-day-old seedlings, leaves, stems,
flowers, siliques or dry seeds using the Total RNA Isolation Reagent
(Biomol). Single stranded cDNA was synthesized using the Revert Aid First
strand cDNA Synthesis Kit (Fermentas). Amplicons were separated by 1.5%
agarose gel electrophoresis and were transferred to Hybond+ membranes
(Amersham). cDNA probes were labeled with [32P]dCTP by the means of the
RediprimeTM II Random Prime Labeling Kit (Amersham) and hybridized tothe membranes. Signal detection was achieved with a Phosphoimager
(Fujifilm). The RT-PCR primer pairs were
AtET1: 5′-ATGTTCAAGAGAGACGACTACATTGC and 5′-AAG-
ATGTCATTCTCATCCCCTTGTGC;
AtET2: 5′-CTATATCATCGGTTTTATCGAAATGGAATT and 5′-AAG-
TGATGCAGAGGTTAGGTGATTCTCATT;
compromised AtET2: 5′-ATCTAAGAGAGAAGCTGAGGCAACAGAAG
and 5′-TGCTCTTCACATCTCTTACGTCCTTTTAC;
STM: 5′-AGAGTGGTTCCAACAGCA and 5′-TTAGTTCCTTGGGGAGGA;
KNAT1/BP1: 5′-CACCGTCTGTCTCTGCCTCCTCTA and 5′-ATTCCGC-
CAACGCTACCTTCTCT;
KNAT2: 5′-CGAACTCGCTACCGCTTTGTCCTand 5′-TCGCGGTCATT-
GCTTCTTTGTTG;
KNAT3: 5′-CCGGCGGTGGAGAAAACAA and 5′-TCCCCCATCGAA-
CATATTAGCATC;
KNAT6: 5′-CTCCGCCGGTGAAAATCGTGT and 5′-GGTTCCGTAGCT-
GCATCTCAATCT;
FIL: 5′-ATGTCTATGTCGTCTATGTCC and 5′-TTAATAAGGA-
GTCACACCAACG;
GA5: 5′-ATGGCCGTAAGTTTCGTAAC and 5′-TTAGATGGGTTTGGT-
GAGCC;
GASA4: 5′-ATGGCTAAGTCATATGGAGC and 5′-TCAAGGGCATTTT-
GGTCCAC;
AtEf-1Bα: 5′-AGGAGAGGGAGGCTGCTAAG and 5′-AATCTTG-
TTGAAAGCGACAATG.
Protoplast transformation and transient assay
Transient expression experiments were performed as described elsewhere
(Ellerstrom et al., 2005). AtET2 and GASA4 promoters were cloned into pGUS1
to drive the expression of the GUS reporter gene. Transformed protoplasts were
grown in K3 medium containing 0.9 μM 6-benzylaminopurine and 0.1 μM 1-
naphthalene acetic acid. For the localization of expression, the AtET1, AtET2 and
AtET3 coding regions were used to generate a translational fusion to EGFP,
driven by the CaMV35S promoter in pFF19g (ProCaMV35s-MCS-EGFP-ter)
(Hofius et al., 2004). The empty pFF19g was used as control. The protoplast
suspension was incubated in K3 medium adjusted for either non-differentiating
(4.5 μM 6-benzylaminopurine, 10 μM 1-naphthalene acetic acid, 4.5 μM 2,4-
dichlorophenoxyacetic acid) or differentiating (0.9 μM 6-benzylaminopurine,
0.1 μM 1-naphthalene acetic acid) conditions. EGFP signals were measured in
vivowith a confocal laser scanningmicroscope, using an argon laser for induction
at 488 nm and detection at 521 nm (CLSMMeta, Zeiss, Jena). The identity of the
EGFP signal was verified by measuring the signal wavelength in λ-stack mode.
In vitro mutagenesis of AtET2
The coding sequence of AtET2 was cloned into pCR2.1 (Invitrogen) and
PCR mutagenized using Pfu polymerase (Stratagene) and the mutagenized
primer sequence 5′-GAAAGTGTTAGGTCTGCACTTCAGCGTTATGG. The
position of the mutation is underlined. The introduction of the mutation was
confirmed by resequencing.
Domain swapping
The wild-type UVRC promoter and gene were amplified from Escherichia
coli DH5α using primers 5′-GCTGATGTCAAAATCATCATG and 5′-
TCAATGTTTCAACGACCAGAAG and were cloned into pCR2.1. To express
the chimeric UVRC protein containing the AtET2 GIY-YIG domain, the E. coli
UVRC promoter was amplified using 5′-GCTGATGTCAAAATCATCATG and
5′-CCCGGGCTTGATAATGTCTCCGCA. The amplicon was inserted into
pCR2.1 and the resulting plasmid was linearized by SmaI restriction. The coding
sequence for the AtET2 GIY-YIG domain, either with or without the RNA
mutation, was amplified by Pfu polymerase with primers 5′-ATGTCTTGT-
CCGGGTCTGTATGAG and 5′-GATATCGTTAAGGTTGTTAACAT to ensure
a blunt ended product. The amplicon was inserted into the linearized vector
downstream of the UVRC promoter. The resulting construct was linearized by
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sequence amplified with Pfu polymerase using primers 5′-CAGATCCAGC-
AAATTGATGTA and 5′-TCAATGTTTCAACGACCAGAAG. The fidelity of
both constructs was confirmed by resequencing.
Complementation assay
E. coli strain SOLR (Stratagene, La Jolla, CA) was used for the
complementation test. Cells carrying either the empty vector, the E. coli
UVRC gene, the chimeric UVRC protein containing either the wild-type or
RNA mutated AtET2 GIY-YIG domain were grown until the mid-exponential
phase (OD=0.6) in LB containing 50 μg/ml ampicillin. Cells were harvested by
centrifugation at 5000 rpm for 10 min at 4 °C, washed twice and resuspended in
M9 medium. A volume of 4 ml cell suspension was transferred to a 70-mm
diameter Petri dish, producing a b2-mm-deep liquid layer. Irradiation was
applied with a 4-W UV lamp (254 nm) from a distance of 90 cm in a dark room
for 5, 10, 20, 40 or 60 s. At each time point, 100 μl cell suspension were diluted
in M9 medium, and survival rate after irradiation was compared to that of the
non-irradiated sample.Results
Ecotype-specific polymorphisms in the AtET gene family
The At genome contains three ET-like sequences (Fig. 1). Of
these, AtET1 (At4g26170) shares the highest level of sequence
homology to BnET. AtET2 (At5g56780) and AtET3
(At5g56770) are located adjacent to one another, so they
probably represent the result of a duplication event. AtET2 is an
intact coding sequence, whereas AtET3 lacks the coding region
for the Zn- and DNA-binding C-terminal cysteine repeats (Fig.
1). Resequencing revealed that the Wassilewskaja-2 (Ws-2) and
Columbia-0 (Col-0) ecotypes are polymorphic with respect to
AtET1. The Ws-2 allele is functional, but the coding region inFig. 1. Structure of the AtET gene family. Schematic representation of the three ET gen
are shown in black. The GIY-YIG-like single strand cutting domain in the second intr
phage T4; PfC: UVRC protein of Pseudomonas fluorescens; EcC: UVRC protein of E
ET factor; PpET: a poplar ET factor; VfETa broad bean ET factor; BnET: an oilseed ra
helix are indicated. Conserved amino acids residues are highlighted in bold, and theCol-0 is interrupted by stop codons, suggesting that it is probably
a pseudogene. An adenine deletion at position 114 of the Col-0
cDNA sequence has generated a reading frame shift. Since this
deletion creates an EcoRI site, it was possible to design a CAPS
marker to discriminate between the Col-0 and Ws-2 alleles. The
chosen amplicon was of length 1244 bp and contains an
additional EcoRI site at position 162, which serves as an internal
digestion control. EcoRI restriction thus generated both a 1082-
bp and a 162-bp fragment from the Ws-2 allele, and a profile of
897 bp, 185 bp and 162 bp from the Col-0 allele. Of 85 At
accessions screened in this way, only “Limeport” carries the Col-
0 allele.
Despite the lacking C-terminal repeats, some AtET3
transcript can be detected by RT-PCR (data not shown). Further
resequencing revealed a mis-annotation of the exon–intron gene
structure (At5g56770), as well as a 155-bp shorter coding region
in the Ws-2 allele, resulting from a four base pair duplication at
position 602, which creates a frameshift followed immediately
by a stop codon. AtET2 is intact in both Col-0 and Ws-2.
A GIY-YIG single strand cutting domain in ET factors
Since ET factors are located in the nucleus (see below), where
they act as regulators of other genes, we searched for the
presence of recognizable protein domains. In addition to the
characteristic ET repeats, this identified a low level of similarity
to the DNA single strand cutting domain present in bacterial
UVRC proteins and in GIY-YIG homing nucleases (Derbyhire et
al., 1997; Aravind et al., 1999, Verhoeven et al., 2000; Stoddard,
2005). The AtET GIY-YIG like domain is present in the second
exon. Based on the derived three-dimensional structure of the
bacterial GIY-YIG domain (Van Roey et al., 2002), the similarityes in ecotype Ws-2: exons are indicated by grey boxes and the ET repeat regions
on is hatched. Domain sequences of prokaryotic and plant origin are shown (T4:
. coli; HRT: hordeum repressor of transcription, a barley ET factor; OsET, a rice
pe ET factor; AtET1, 2, 3, AtET factors). The structural features strand, loop and
arginine residue in helix1 is underlined.
Fig. 2. Functional activity assays of the GIY-YIG single strand cutting domain.
(A) UV survival curve of various chimeric ET-domain-constructs. The UV-
deficient E. coli strain SOLR was transformed with the authentic E. coli wild-
type UVRC protein (ecuvrc), the E. coli UVRC with its N-terminal GIY-YIG
domain replaced by the corresponding wild-type domain of AtET2 (etwt) and
the E. coli UVRC protein with its N-terminal GIY-YIG domain replaced by the
AtET2 domain carrying the RNA point mutation (etmut). The survival rate in %
is given as a function of the irradiation time in seconds. The standard deviation
of the mean of four replicates is given. (B) Schematic structure of the domain
swapped chimeric proteins. The four plant ET repeats are shown in black. GIY-
YIG represents the N-terminal single strand domain cutting domain and ENDO
and HhH, respectively, the C-terminal single strand cutting domain ENDO V
and the Helix–hairpin–Helix domain. Domain sizes are not drawn to scale. (C)
Transient co-expression of the AtET2 wild-type factor (ET2WT) and the AtET2
mutant factor (ET2RA) containing the RNA mutation with a NAM gene
promoter-GUS reporter construct. The empty vector was used as a negative
control. Four batches of protoplasts and plasmid preparations have been used.
The bars represent the standard deviation.
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factors is mainly confined to two conserved β-strands and helix 1
(Fig. 1). The variable length of the loop between both strands in
the plant proteins probably does not disturb the overall structure
of the protein. ET factors from barley, rice, poplar and At
(AtET2, AtET3) all contain extended loops, whereas those from
oilseed rape, broad bean and AtET1 have a loop length similar to
those in T4 bacteriophage, Pseudomonas fluorescens and E.
coli. Further sequence similarity between the prokaryotic and
plant ET proteins resides in helix 1. The most conserved arginine
residue is highlighted (Fig. 1). It is well established that the
replacement of this residue by alanine results in a distortion of
activity (Derbyhire et al., 1997; Kowalski et al., 1999;
Verhoeven et al., 2000). To demonstrate the functionality of
the GIY-YIG-like domain of plant ET factors, the wild-type
domain, as well as the arginine to alanine (RNA) replacement
allele, was used to replace the corresponding GIY-YIG domain
of the E. coli UVRC protein (Fig. 2B). Plasmids encoding the
chimeric proteins were transformed into the UVRC-deficient E.
coli strain SOLR. Survival rates after UV irradiation were
determined in four independent experiments. It was clear that the
wild-type domain can partially relieve the UV sensitivity of
SOLR,whereas the RNAmutation resulted in a reduced survival
rate (although still slightly greater than in the presence of an
empty vector control) (Fig. 2A). These data demonstrate that the
AtET2 GIY-YIG-like domain can productively cooperate with
the C-terminal domain of the bacterial UVRC protein.
To further confirm the importance of the GIY-YIG domain of
the AtET2 factor also in plant cells, transient expression has
been performed using the promoter of a NAM transcription
factor gene (At4g28500). This gene promoter was chosen since
the corresponding gene is down-regulated in the et2-1 mutant
described below. The transient co-expression of AtET2 in At
protoplasts resulted in an increased activity of the NAM
promoter-GUS construct (Fig. 2C). In contrast, the RNA
mutation in the AtET2 protein caused a near complete loss of
this effect, as the promoter activity remained at a similar level to
that in the control (empty vector). Thus, the GIY-YIG domain
must be involved in the function of the AtET2 protein.
Expression of AtET1 and AtET2 in vascular tissues
Due to low native expression levels, RT-PCR was used to
assess the expression patterns of AtET1 and AtET2. Both genes
were expressed ubiquitously in plant organs (Fig. 3A).
Surprisingly, the AtEt2 transcript was undetectable in the cauline
leaves. During seed development, AtET2 was more strongly
expressed in the early stages and was down-regulated in mature
seeds, whereas AtET1 was predominantly expressed in mature
seeds. This inverse expression pattern in early and late seed
development precisely reflects previously reported patterns (de
Folter et al., 2004). An analysis of At plants transformed with a
ProAtET2-GUS-nosT construct provided an explanation for the
ubiquitous expression of AtET2. The promoter activity was
detectable within the vascular tissues of stems, hypocotyls,
leaves and flowers in homozygous T3 plants (Figs. 3B, 4B, C
and 5A). In mature rosette leaves, expression was detectable inthe whole vascular bundle region, apart from the fibre caps. In
cross sections of shoots from plants at the time of flowering,
expressionwas present in the xylem parenchyma as well as in the
phloem and cambium (Fig. 4C). This pattern of expression was
completely reproducible across over 20 independent transgenic
individuals.
To further evaluate the reporter gene-based data, AtET1 and
AtET2 transcripts were localized by in situ hybridization. Both
transcripts were detected within the xylem parenchyma cells in
the vascular bundles (Figs. 4D–H). In shoots – grown under
Fig. 3. Expression of AtET1 and AtET2. (A) RT-PCR analysis of transcripts
from various plant organs shows the ubiquitous expression of both genes. AtEt2
mRNAwas not detected in stipules. Expression is normalized according to the
constitutively expressed Ef1bα. (B) GUS staining of a ProAtET2-GUS-nosT
transgenic line. AtET2 expression is detected mainly in the vascular tissues of
flowers (left) and leaves (right). The pattern is reproducible in N20 independent
lines.
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both transcripts were present in living xylem parenchyma cells,
but a strong signal was also present in the dormant cambial zone
(Figs. 4D, G). In addition, transcripts were also detectable in the
remnant cytoplasm of differentiated fibre cells. AtET1 and
AtET2 transcripts were also found in protoxylem element
parenchymal cells. Although the expression pattern is essen-
tially similar in plants showing little secondary growth, signal
intensity was somewhat lower (Figs. 4E, H). These in situ
hybridization data confirmed that the ProAtET2-GUS-nosT
lines faithfully represent the expression pattern of AtET2 and
showed that AtET1 and AtET2 are turned on during the
differentiation of the fibre elements.
Lignin content is reduced in ET2 mutant plants
An initial functional analysis of the AtET genes was effected
by a study of et2-1, a Ws-2 T-DNA-insertion allele of AtET2
selected from the Arabidopsis knock-out facility (AKF)
collection (Sussman et al., 2000). The insertion event interrupts
the second exon of the gene at nucleotide position 518 and is in
the homozygous state, as demonstrated by both Southern
hybridization and PCR. The absence of transcript was verified
by RT-PCR. The et2-1 mutant showed no obvious differencesFig. 4. Lignification and AtET2 expression in et2-1 mutant plants. (A) Reduction in t
wild-type (black columns) plants. Four-week-old plants were pooled (five pools con
three independent measurements (technical replicates). The error bars represent the st
showing the expression of AtET2 in the xylem of (B) leaves (cross section of a leaf
internode above the rosette leaves). Bar length=100 μm. (D–I) In situ hybridization
panels F and I. Shoots of short (D, G) and long (E, H, F, I) day grown plants. Both ET
phloem region. Remnants of cytoplasm within fiber cells also show some hybridizatio
in the protoxylem element cell wall. Bar length=20 μm.from wild type with respect to internode number, height,
flowering time and leaf morphology. Since lignification is
accepted as a reliable marker for the differentiation of xylem
tissue (Mele et al., 2003), the lignin content of leaves and stems
of mature plants was compared. The et2-1mutant line contained
about 30% less lignin than did the wild type, both in the leaves
and in the stems (Fig. 4A). This level of reduction corresponds
well to changes in AtET1 and AtET2 expression levels in the
vascular bundles and specifically in the xylem.
Furthermore, we have taken advantage of the potential of
Arabidopsis for secondary growth as it has been described by
Zhao et al. (2000). As in stems and leaves, the ProAtET2-GUS-
nosT construct was active in the hypocotyl xylem (Fig. 5A).
Repeated clipping of the bolting stem generated an increase in
the diameter of the central cylinder of the hypocotyl, as a
consequence of a prolonged xylem differentiation process
induced by a delay in flowering time. After a week induction
period, sections of Ws-2 and et2-1 hypocotyls were compared
by fluorescence microscopy (Fig. 5B). Wild-type plants reacted
with a significant increase in the diameter of the central
cylinder and of the hypocotyl as a whole (Figs. 5C, D). In
contrast, the corresponding changes in et2-1 were only modest
(Figs. 5E, F). A quantification of these histological data is
shown in Fig. 5B. Taken together, the data suggest that the lack
of a functional AtET2 product perturbs normal cambial
function and lignification.
The et2-1 mutation affects the expression of meristem identity
genes
A combined filter array hybridization and RT-PCR experi-
ment was performed to elucidate the role of AtET2 at the
molecular level. The 1200 transcription factor REGIA con-
sortium macro array was able to identify factors showing a
differential pattern of expression between the et2-1 mutant and
the wild type (Table 1). Several meristem identity genes were
up-regulated in the mutant, including KNAT6 (class I) and
KNAT3 (class II). As not all KNAT gene family members are
represented on the array, RT-PCR assays were applied for the
members not represented on the array, including BP1 (known to
act as an inhibitor of lignification in the cambium of both At and
poplar), STM and KNAT2. BP1, KNAT6 and KNAT3 were all
up-regulated in the et2-1 mutant, whereas STM and KNAT2
were down-regulated. Interestingly, the YABBY gene filamen-
tous flowers (FIL), a negative regulator of KNAT class I genes,
was also up-regulated in et2-1 mutant plants (Fig. 6A), as was
the putative GA response inhibitor lateral root primordia
(LRP), a member of the SHI family (Table 1).he lignin content of leaves and stems of et2-1 (grey columns) compared to Ws-2
taining five plants each). In each pool, lignin concentration was determined by
andard deviation of all measurements. (B, C) GUS staining of a 4-week-old plant
and the central vein) and (C) stems (cross section of the middle of the second
with AtET1 probes (D–F) and AtET2 probes (G–I). Sense controls are shown in
factor mRNAs were detected in the cambial cells, the xylem parenchyma and the
n signal (compare upper right area of panel G). Artefactual probe retention occurs
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BnET over-expression in tobacco down-regulates GA-
responsive genes and triggers a feedback response in the GA
biosynthesis pathway (Ellerstrom et al., 2005). Several of thegenes up-regulated in et2-1 are directly or indirectly modulated
by GA. We therefore investigated a possible role of AtET2 in
the GA response, using a transient expression assay in At
protoplasts and the GA-responsive GASA4 promoter (Herzog et
al., 1995). As previously shown for BnET (Ellerstrom et al.,
Fig. 5. Xylem differentiation in hypocotyls. (A) GUS (driven by ProAtET2) staining of a hypocotyl section from a 2-week-old plant, showing activity in the hypocotyl
xylem tissue. Bar length=30 μm. (B) Hypocotyl growth induced by repeated clipping of the bolting shoot results in an increase in diameter over wild-type hypocotyls
(black columns), an effect which is much less pronounced in the et2-1mutant (grey columns). Twenty plants each of wild-type and mutant have been analyzed and the
standard deviation is given. (C) Ws-2 wild-type hypocotyl in non-clipped 5-week-old plants. (D) Ws-2 wild-type hypocotyl of 5-week-old clipped plants. (E) et2-1
mutant hypocotyl in non-clipped 5-week-old plants. (F) et2-1 mutant hypocotyl of 5-week-old clipped plants. Bar length in panels C–F=400 μm.
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CaMV35S promoter down-regulates the ProGASA4GUS con-
struct in terms of its inducibility by GA (Fig. 6B). GASA4
transcript was detectable by RT-PCR in the et2-1 mutant (Fig.
6C). Similarly, GA5 was more strongly induced in the et2-1
mutant compared to wild type (Fig. 6D). These data support the
notion that AtET2 is required for the suppression of the GA
response.
Transcriptional regulation of AtET2 includes a feedback
mechanism
Feedback regulation is a common means of transcriptional
control. The influence of AtET2 expression on the activity of its
own promoter was analyzed in a transient expression assay,
where the activity of the ProAtET2GUS construct was shown to
be reduced by the co-expression of AtET2 (Fig. 6E). An in vivo
verification was sought by determining the transcript level of
the et2-1 T-DNA-insertion allele. The 5′ end of the et2-1 AtET2transcript was tracked by RT-PCR. The lack of a functional
AtET2 product resulted in an increased level of the truncated
transcript (Fig. 6F), consistent with the transient assay data.
Although differences in transcript stability cannot be excluded,
the data are more consistent with the action of an auto-
regulatory negative feedback mechanism regulating AtET2
expression.
AtET2 expression depends on cell fate
The decision between maintenance in the meristematic state
and cell differentiation can be modulated in vitro by the
application of phytohormones (Valente et al., 1998; Grafi,
2004). We therefore established an At protoplast system, which
can be triggered into a non-differentiating or a differentiating
cell population by two different hormone regimes. Under high
levels of auxin and cytokinin, non-differentiated cells are
spherical and well separated from one another (Figs. 7A, C, E).
Lowering the hormone concentrations drives the cell population
Table 1
Genes up-regulated in the et2-1 mutant, as determined from a hybridization
experiment with a transcription factor array filter
AGI number Name Function Induction
factor
At1g23380 KNAT6 Meristem identity,
gibberellin response
33
At1g35540 ARF Protein Auxin response 10
At2g40740 WRKY55 17
At3g25710 AtbHLH 32 42
At2g45190 Fil (Filamentous-
Flowers)
Meristem identity,
regulation of KNAT
38
At3g15030 TCP4 Cell division, leaf
morphogenesis
42
At4g22070 WRKY31 19
At5g08330 TCP family
bHLH protein
Auxin-induced protein 15
At5g12330 LRP1 Gibberellin response 14
At5g25220 KNAT3 Meristem identity,
gibberellin response
30
At5g53980 Homeobox-leucine
zipper protein
25
Only factors induced at N3-fold in two replicate hybridizations are included.
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wall lignification is initiated, with the formation of xylem
elements being taken as an indicator of an advanced level of
differentiation (Figs. 7B, D, F). In addition, the expression ofFig. 6. AtET2-mediated regulation of KNAT genes and the GA response. (A) RT-PCR
the et2-1 mutant and down-regulation of STM and KNAT2 transcripts. (B) Repressio
construct consisted of theGASA4 promoter fused to GUS and terminated by the nopal
promoter and terminated with the nopaline synthase terminator. Results from five in
GUS-NOS+GA3; (3) ProGASA4-GUS-NOS+GA3+ProCaMV35S-AtET2-NOS; (
of GASA4 transcript in 10-day-old et2-1 mutant seedlings. (D) Enhanced expression
AtET2 in protoplasts shows reduced activity of GUS driven by ProAtET2: (1) Pro
ProAtET2+ProCaMV35S-NOS. (F) Increased level of truncated transcript derived fr
Expression levels in panels A, C, D and F are normalized with respect to the constithe two meristem identity genes STM and BP1 was used as a
marker. Both genes were highly expressed in the non-
differentiating cell population, and both were down-regulated
in the differentiating one (Fig. 7G). Semi-quantitative
determination of AtET1 and AtET2 transcript levels showed
that both were more abundant in the differentiating than in the
non-differentiating population (Fig. 7G). AtET1 and AtET2
exhibited the same overall expression pattern, although the
difference between the populations was more pronounced for
the former.
AtET–GFP fusions exhibit differentiation dependent
sub-cellular localization
Although the expression of AtET1 and AtET2 correlated
with differentiation, low levels of both transcripts were
nevertheless detectable in the non-differentiating cell popula-
tion, suggesting a further possibly post-transcriptional control
process to regulated AtET1 and AtET2 functions. The sub-
cellular localization of all three ET factors was determined using
C-terminal EGFP fusions driven by the CaMV 35S promoter
and expressed in the protoplast system described above. Wave-
length scanning was used to verify that the signal was from
EGFP, rather than being an artefact of autofluorescence. None
of the three fusion proteins was present in the nuclei of cells
cultured under non-differentiating conditions (Figs. 7H–J);analysis illustrates up-regulation of BP1, KNAT6, KNAT3 and FIL transcripts in
n of GA-induced promoter activity in a transient At expression system. The test
ine synthase terminator. AtET2was expressed under the control of the CaMV35S
dependent experiments are shown. (1) ProGASA4-GUS-NOS; (2) ProGASA4-
4) ProGASA4-GUS-NOS+GA3+ProCaMV35S-NOS. (C) Over-accumulation
of GA5 in leaves in 4-week-old et2-1 mutant plants. (E) Transient expression of
AtET2-GUS-NOS; (2) ProAtET2-GUS-NOS+ProCaMV35S-AtET2-NOS; (3)
om the T-DNA insertion allele of AtET2 indicates negative feedback regulation.
tutively expressed Ef1Bα.
Fig. 7. Transcriptional regulation of AtET1 and AtET2 in protoplasts, cultured under non-differentiating (A, C, E) or differentiating (B, D, F) conditions. (A) Separated
single cells (non-differentiating conditions). Bar length=100 μm. (B) Clustered cells (differentiating conditions). Bar length=100 μm. (C, D) Single cell cultured
under non-differentiating (C) and differentiating (D) conditions. Bar length=20 μm. (E, F) Lignification of cells under non-differentiating (E) and differentiating (F)
conditions. Bar length=50 μm. The insert shows a magnified cell with lignin incrustation, resembling a differentiating xylem element. Bar length=10 μm. (G)
Increased abundance of AtET1 and AtET2 transcripts in differentiating cells. The expression of KNAT1 and STM is used as a marker for meristem identity (ND, non-
differentiating cells; D, differentiating cells). Expression is normalized against the constitutively expressed EF1Bα. (H–M) Subcellular localization of AtET fusion
proteins. All three AtET proteins were translationally fused to EGFP and expressed in protoplasts. Bar length=5 μm. (H–J) Under non-differentiating conditions, all
three fusion proteins are located in the cytoplasm and none in the nucleus. In differentiating cells AtET1–EGFP (K) and AtET2-EGFP (L) fusion proteins are present in
the nucleus. (M) No nuclear translocation was observed for the AtET3–EGFP fusion.
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did not co-localize with either the plastids or the mitochondria
(data not shown). In contrast, the AtET1–EGFP and AtET2–
EGFP fusions were expressed in the nuclei of cells grown
under conditions triggering cell differentiation (Figs. 7K–M).
Although some EGFP signal was still detectable in the cyto-
plasm under these conditions, it was rather weak. The shift into
the nucleus did not occur for the AtET3–EGFP fusion (Fig.
7M). We conclude that, even though AtET1 and AtET2 are
somewhat expressed in non-differentiating cells, the geneproducts are prevented from entering the nucleus and are
therefore inactive as transcriptional regulators.
Discussion
The heterologous ectopic expression of B. napus BnET in
tobacco and At induces alterations in the programming of
cell differentiation (Ellerstrom et al., 2005). The molecular
basis of ET function and its interaction with established
regulatory pathways has been described here through a
103R. Ivanov et al. / Developmental Biology 313 (2008) 93–106detailed analysis of the small AtET gene family, in which
three members revealed a level of allelic variation at the
sequence level. A characteristic feature of the family is the
presence of the highly conserved repetitive motifs, and it is
these that allow for the clear discrimination between ET and
other gene products with regular cysteine patterns. The
absence of any orthologs in non-plant genomes suggests that
the ET proteins encode plant-specific process(es). The allelic
differences identified probably do have an impact on the
functionality of AtET1. This gene is structurally intact in
Ws-2 and many other ecotypes but is represented by a
frame-shifted pseudogene in Col-0 and Limeport. As a result,
there must be at least some partial functional redundancy
between AtET1 and AtET2. AtET3 appears to be a truncated
duplication of AtET2 and encodes a product that lacks the
characteristic ET repeats. We have no data at present to
determine whether the AtET3 product is non-functional or
whether it acts as a dominant-negative factor. AtET2 is the
only functional ET gene in Col-0.
Xylem differentiation and secondary growth are reduced in
et2-1
The differentiation of xylem from the cambial meristem
involves a series of overlapping processes, including second-
ary cell wall formation and lignification. The inactivation of
AtET2 in the et2-1 mutant caused an overall reduction in
lignification and compromised the capacity of the hypocotyl
to produce xylem tissue. Thus, it seems probable that AtET2
is necessary for the orderly differentiation of xylem elements
and fibre cells. The reduced level of lignification is therefore
probably a secondary (although specific) effect of a delay to
or a decrease in the differentiation capability of cambial
derivatives. Since et2-1 plants do not exhibit macroscopical
changes in plant architecture, the lignification phenotype
appears highly localized and cannot be attributed to
pleiotropy. This interpretation is also consistent with experi-
mental data which show that the constitutive expression of
BnET prevents the de-differentiation process in tobacco leaf
cells (Ellerstrom et al., 2005). In situ hybridization experi-
ments clearly showed that the expression of AtET1 and AtET2
was strongly enhanced in the cambial zone. At this stage, the
vascular tissues are already present, and the remaining
cambium ceases to function as a meristem. In perennial
species such as Populus tremula, but not in At, this state is
reversible (Schrader et al., 2004b). As ET factors likely act as
the trigger for these differentiation processes, we suggest that
ET function is not restricted to the induction of xylem
differentiation but also suppresses cambial meristematic
activity, and in particular its capacity for cell division. The
ectopic expression in tobacco of BnET resulted in the
suppression of cell division and the promotion of cell
differentiation (Ellerstrom et al., 2005). An analogous role
for AtET2 is suggested by the differential expression profiles
of the et2-1 mutant and wild type. Two TCP genes with a
high homology to rice PCF1 and PCF2 are strongly up-
regulated in the mutant. The products of these two genes actas positive regulators of the replication factor PCNA (Kosugi
and Ohashi, 1997), which is consistent with the involvement
of AtET2 in cell cycle repression.
Among the genes showing altered expression patterns in
the et2-1 mutant are several KNAT family members (including
BP1), which are involved in cambial function and xylem
differentiation. BP1 is also involved in the regulation of
internode patterning in the florescence (Smith and Hake,
2003). The over-expression of BP1 in At results in a
decreased level of lignification, whereas its loss of function
leads to the over-accumulation of lignin (Mele et al., 2003).
The enhanced expression of BP1 in the et2-1 mutant may
therefore provide an explanation for the reduction in lignin
level. Overall, it is likely therefore that AtET2 is required to
suppress BP1 activity in cambium-derived cells in order to
allow their differentiation into lignified xylem cells. The
process might also involve BP1-related genes such as KNAT6
and KNAT3, both of which are as yet functionally poorly
characterized, but which are up-regulated in the et2-1 mutant.
No change in expression between wild-type and et2-1 mutant
is detected for KNAT7, identified in transcript profiling
experiments and shown to be involved in fiber differentiation
(Ehlting et al., 2005; Brown et al., 2005). The two class I
KNAT genes STM and KNAT2 behave differently, as their
expression was significantly down-regulated in the et2-1
mutant. Since at the same time FIL was induced, and the loss
of FIL function resulted in the up-regulation of BP1, KNAT2
and STM (Kumaran et al., 2002), we hypothesize that FIL
may act in an AtET2-dependent manner to suppress BP1 and
in an AtET2-independent manner to down-regulate STM and
KNAT2. The same biased mode of regulation has been
demonstrated recently for the chromatin remodeling factor
FIE, which acts in a complex with CLF to regulate BP1 and
KNAT6, but requires a different interacting partner to interact
with STM and KNAT2 (Katz et al., 2004; Guyomarc'h et al.,
2005).
The differential regulation of KNAT genes may explain
the partial similarity in phenotype between the BnET over-
expressing tobacco and the At et2-1 mutant. Both show
decreased lignin accumulation, suggesting a function for the
ET factors in xylem differentiation. The inactivation of ET
prevented the blocking of BP1 expression and resulted in a
prolongation of the meristematic state. Its over-expression
may trigger an alternative KNOX pathway, which also results
in a decrease in lignin formation. Our hypothesis rests on the
assumptions (as yet unverified) that both ET genes have the
same function, and that the differential regulation of the
tobacco KNOX genes is in principle similar to what occurs
in At.
The effect of ET on the differentiation of xylem cells has
some long-term implications for application in the area of
biomass production. High lignin content presents a major
limitation for the efficient fermentation of plant fibers into
biofuel (Himmel et al., 2007), and thus it is conceivable that the
controlled expression of ET genes could allow for the
modification of the lignin content in biomass crops such as
poplar and willow.
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An important function of KNAT genes lies in their role as
negative regulators of GA-mediated processes (Sakamoto et al.,
2001a,b; Hay et al., 2002). GA is required for the early stages of
cell differentiation at both the shoot apical and the cambial
meristem but is otherwise known to inhibit organogenesis
(Ezura and Harberd, 1995; Hertzberg et al., 2001b; Israelsson et
al., 2003; Hay et al., 2004). At least two ET proteins (HRT and
BnET) have been demonstrated to modulate GA responses
either in vitro and in vivo (Raventos et al., 1998; Ellerstrom et
al., 2005). We have shown, via both transient expression and
transcript profiling, that AtET2 acts as a negative regulator of
the GA induced GASA4, which is known to be involved in the
control of cell division (Aubert et al., 1998). This is consistent
AtET2 functioning both as an inhibitor of cell division and GA
response. A further level of complexity relates to the induced
expression in the et2-1 mutant of GA5, which is feedback
regulated by GA, and acts as an important checkpoint between
GA biosynthesis and response (Olszewski et al., 2002). Since
GA5 is not ectopically expressed in the mutant (data not
shown), the induced GASA4 expression cannot be a secondary
effect of enhanced GA biosynthesis but rather appears to
represent an independent regulatory event. Therefore, AtET2
must be involved in the control of both GA biosynthesis and the
GA response, as we have suggested elsewhere (Ellerstrom et al.,
2005).
Transcriptional and post-transcriptional regulation of AtET1
and AtET2
As regulators of other transcription factors, the expression of
ET requires precise temporal and spatial control. We have
shown that the expression of AtET includes negative auto-
regulation as well as regulation at the transcriptional and post-
transcriptional levels. Two independent approaches – a transient
assay and the analysis of the loss-of-function AtET2 mutation –
demonstrated that the AtET2 product interacts with its own
gene promoter. It remains unclear, however, whether this is due
to direct auto-regulation or is the outcome of a feedback
signaling loop. Nevertheless, this observation provides some
clues as to why AtET2 is expressed at such a low level. The
transcription of AtET1 and AtET2 is mainly restricted to
differentiating cells, but some low-level expression continues in
non-differentiating cells, indicating that additional levels of
regulation must be required for the biased function of ET factors
in non-differentiating and differentiating cells. It is intriguing
that both AtET1 and AtET2 expression can toggle between the
cytoplasm and nucleus, depending on cell fate. The AtET1 and
AtET2 gene products in the meristematic cells are kept inactive
by being prevented entry into the nucleus. A similar shuttling in
response to exogenous signals has been noted for a range of
animal (STAT and SMADs), yeast (Aft1) and plant (PHOR1)
proteins (Darnell, 1997; Heldin et al., 1997; Yamaguchi-Iwai et
al., 2002; Amador et al., 2001). For the moment, the nature of
the trigger is unclear, as is whether the shuttling process is a
cause or a consequence of the differentiation process.An interesting structural detail of the three AtET proteins is
that none possesses an obvious nuclear localization signal
(NLS), so their entry into the nucleus probably requires
interaction with an additional factor carrying such a signal.
This feature appears to be unique for the AtET family, since
other monocot and dicot ET sequences do have a bona fide NLS
(Raventos et al., 1998; Ellerstrom et al., 2005). It is possible, of
course, that they carry an NLS sequence, which is not
recognized by current motif detection software. The AtET3
product, however, does not enter the nucleus under differentia-
tion conditions. It completely lacks the characteristic ET
repeats, and so is probably a truncated version of AtET2. As a
result, it is uncertain whether AtET3 is even a functional gene.
The lack of Zn- and DNA-binding repeats may completely
compromise its functionality, or it may act as a dominant-
negative regulator of the level of protein–protein interaction.
Overall, the data point to ET factors functioning as novel
regulators of cell differentiation required for xylem differentia-
tion in the cambial meristem, a crucial process in the
development of vascular plants.
ET-mediated gene regulation may include the insertion of DNA
single strand nicks
The bacterial UVRC protein is required for DNA excision
repair (Friedberg et al., 1995). The protein is targeted to UV-
induced DNA lesions, where it introduces a single strand cut 8-
bp 5′ and another 4-bp 3′ of the lesion. The two cuts are
processed by two structurally and functionally distinct
domains, the former involving the C-terminal ENDO V and
Helix–hairpin–Helix (HhH) and the latter involving the N-
terminal GIY-YIG (Lin and Sancar, 1992; Friedberg et al.,
1995; Derbyhire et al., 1997; Kowalski et al., 1999; Aravind et
al., 1999; Verhoeven et al., 2000; Van Roey et al., 2002;
Stoddard, 2005). The GIY-YIG domain is also present in the
so-called “homing nucleases”, which are encoded within
mobile group I, group II and archaea introns, as well as in
inteins (intervening sequences which are spliced and excised
post-translationally; Stoddard, 2005). As a result, the domain
has been re-designated URI (UVRC and intron-encoded
endonucleases; Aravind et al., 1999). The sequence similarity
between plant ET factors and the prokaryotic UVRC proteins is
only in the single strand cutting GIY-YIG domain, which
suggests that a UVRC-like ancestral domain may have been
recruited by ET proteins and attached to the DNA-binding ET
repeats. The suggested domain shuffling event is consistent
with the exon–intron structure of ET genes, with the GIY-YIG
domain represented by a separate second exon. The HhH
domain has been identified in a number of plant regulatory
proteins, such as DME and ROS1 (Choi et al., 2002, 2004;
Morales-Ruiz et al., 2006).
The functionality of the ET-derived single strand cutting
domain was demonstrated by substituting the AtET2 GIY-YIG
domain for the corresponding domain of the E. coli UVRC
protein. This showed that the plant domain productively
interacts with the C-terminal UVRC ENDOV/HhH domain.
The functional importance of the AtET2 GIY-YIG domain is
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promoter, a putative first target promoter of AtET2. Since the
single amino acid exchange (RNA) results in the near complete
loss of this activity, the single strand cutting activity of the GIY-
YIG domain must clearly be required for its molecular function.
Thus, we suggest that the nicking activity of the plant ET factor
GIY-YIG domain may be involved in the catalysis of changes in
higher order DNA structure, such as, for example, nucleosome
sliding (Langst and Becker, 2001). Alternatively, it may
contribute to the relaxation of supercoiled chromatin domains,
which are implicated in the control of differentiation and
development. The importance of the relief of torsional tension
in DNA to the triggering of transcriptional activation has been
recently described (Ju et al., 2006).
Our conclusion is that plant-specific ET factors have
recruited a single GIY-YIG domain from prokaryotic repair-
related proteins by a domain shuffling process, joining this
domain to the DNA-binding ET repeats. The resulting protein
factor is not involved in the repair process but acts as a gene
regulator. The regulatory mechanism – in part analogous to
the function of DME and ROS1 – includes the insertion of
nicks, with an impact on higher order structures of chromatin
packed DNA required for differentiation processes. In planta
approaches are needed to test this hypothesis further.
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